We review the stabilisation of complex structure moduli in Type IIA orientifolds, especially on T 6 /(Z 2 × Z 6 × ΩR) with discrete torsion, via deformations of Z 2 × Z 2 orbifold singularities. While D6-branes in SO(2N ) and USp(2N ) models always preserve gauge groups ten out of the 15 deformation moduli can be stabilised at the orbifold point.
Introduction
The usual backgrounds in string model building are generic Calabi-Yau threefolds or orbifolds as singular limits thereof. Both contain in general flat directions for the dilaton and geometric moduli. Our computations demonstrate that a large number of these flat directions can be stabilised [1] without introducing closed string background fluxes [2] , which implies that no severe backreaction on the geometry occurs. In addition, our method is appropriate for calculating the tree-level value of gauge couplings by using periods over (special) Lagrangian ((s)Lag) three-cycles, where previously identical couplings g −2 a ∝ Π a |Ω 3 | can be tuned via deformations to obtain phenomenologically acceptable values [1, 3] .
Deformations of Orbifold Singularities and Hypersurface Formalism
For concreteness, we work with a factorisable six-torus for the T 6 /(Z 2 × Z 2M ) orbifolds (with discrete torsion η = −1), on which we will perform deformations of the Z 2 × Z 2 singularities (contrary to blow-ups for orbifolds with η = +1).
The resulting exceptional three-cycles can be used for D6-brane model building. We will describe the orbifolds as T 6 /(Z 2 × Z 2 ) /Z M , where ideally Z M does not lead to additional exceptional three-cycles, but restricts the way how the Z 2 × Z 2 singularities can be deformed. In particular, we will discuss the phenomenologically appealing T 6 /(Z 2 × Z 6 × ΩR) orientifold on the SU(3) 3 lattice [1] .
The basic three-cycles in this setup are bulk cycles, specified by a a product of toroidal one-cycles with integer-valued wrapping numbers, and exceptional cycles, where a two-cycle on a resolved
is tensored with a one-cycle on T
(k)
. Fractional cycles then consist of ( 1 /4 times) a bulk cycle passing through orbifold singularities and an appropriate contribution from the corresponding exceptional cycles. Only D6-branes wrapping so-called sLag three-cycles Π with
While all aforementioned three-cycles are automatically Lag (i.e. the first equation involving the Kähler form holds true), the two constraints containing the holomorphic volume form Ω 3 have to be tested explicitly.
To deform the T 6 /(Z 2 × Z 2 ) orbifold, a reformulation as hypersurface in an ambient toric space is useful. As a first step, one describes the two-torus as a hypersurface in the complex weighted projective space P 2 112 with homogeneous coordinates (x, v, y). The elliptic curve is then the zero locus of a polynomial of degree four,
where, due to the Z 2 reflection y → −y, the fixed points are exactly the roots of
are then basically , , , , and for tilted lattices ( 2 = 4 , 3 ∈ R), which in particular include the hexagonal tori with their additional Z 3 symmetry, we observe , , , . The T 6 /(Z 2 × Z 2 ) orbifold and its deformation is described by the zero locus of and δF
. Terms with δF
3 are suppressed since ε αβγ are not free parameters [4] . The holomorphic three-
For T 6 /(Z 2 × Z 6 ) with discrete torsion we introduce an additional Z 3 symmetry into F i and δF
. We then find three Z 3 -triplets of Z 2 fixed points preserved by σ R with now real deformation parameters ε At first, we consider SO(8) 4 and USp(8) 4 models, where the D6-branes only wrap orientifold-even cycles, see [1] for details on the discrete data (wrapping numbers, displacements and Wilson lines). There exists no central U (1) factor, and therefore neither D-terms in the low-energy effective action nor a potential for the deformation moduli. The integrals over ℜ(Ω 3 ) of a D6-brane wrapping a 'horizontal' fractional cycle with exceptional contribution ±ε (i ) 3 are depicted in figure 1 (left) , where similar graphs are obtained for the other deformation parameters ε
4+5 . The sign depends on the specific D6-brane stack, and the square root-like dependence on ε
shows that the sLag property is preserved. This implies that gauge coupling constants can be varied along flat directions in the complex structure moduli space and that no stabilisation of moduli at the orbifold point occurs.
The second example is a globally defined Pati-Salam model with five stacks of D6-branes which was first presented in [5] . It has the following gauge group:
For U(N ) gauge groups, a stack of N identical D-branes must wrap a cycle which is not orientifold invariant. If a fractional D6-brane has no coupling to the orientifoldodd part of the exceptional cycle, one observes a flat direction, and the cycle stays sLag, as in the SO(8) 4 and
USp (8) 4 models. On the other hand, if there is a coupling to the orientifold-odd part, the corresponding modulus is stabilised at the supersymmetric orbifold point. Here, the deformation breaks supersymmetry while providing a positive value for the scalar potential, and the exceptional cycle receives a non-sLag contribution, i.e. an imaginary contribution as in figure 1 (right) . Giving a vev to the deformation modulus thus generates a Fayet-Iliopoulos term for the U(1)⊂U(N ) subgroup. The restrictions from the D6-branes limit the number of allowed deformations such that 4 + 4 + 2 = 10 of the 15 deformation moduli can be stabilised at the orbifold point. In the five flat directions, the deformation ε 
Conclusions
We developed an explicit description of T 6 /(Z 2 ×Z 2M ) orbifolds and their deformations in the hypersurface formalism, providing us with the technical tools to quantitatively study the effect of deformations. Therefore, we were able to directly calculate gauge coupling parameters, and we could show that these can be enhanced or diminished to adjust them in an appropriate way to fit realistic models. Furthermore, we could stabilise ten out of 15 deformation moduli in an exemplary three-generation Pati-Salam model due to the emergence of supersymmetry breaking D-terms for some U(1) factors upon moduli vevs.
